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Ycf1p function is regulated by casein kinase 2a, Cka1p, via phosphorylation of Ser251. Cka1p-med-
iated phosphorylation of Ycf1p is attenuated in response to high salt stress. Previous results from
our lab suggest a role for Ycf1p in cellular resistance to salt stress. Here, we show that Ycf1p plays
an important role in cellular resistance to salt stress by maintaining the cellular redox balance
via glutathione recycling. Our results suggest that during acute salt stress increased Sod1p, Sod2p
and Ctt1p activity is the main compensatory for the loss in Ycf1p function that results from reduced
Ycf1p-dependent recycling of cellular GSH levels.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Ycf1p function is regulatedby anumber of Ycf1p-protein interac-Transporters of the ATP-binding cassette (ABC) superfamily are
expressed in all organisms from microbes to mammals, and func-
tion in the transport of a broad range of diverse chemical com-
pounds across cellular membranes [1,2]. Recent interest has
focused on the ABCC subfamily of ABC transporters, whose proto-
type member is the mammalian multidrug resistance-associated
protein 1 (MRP1) also called ABCC1. MRP1 has been shown to be
important in the detoxiﬁcation of a variety of cellular chemical in-
sults [1–4]. The MRP1 homologue in yeast is yeast cadmium factor
1 (Ycf1p) [5,6]. Ycf1p was initially described as a protein involved
in cellular resistance to cadmium [6]. Ycf1p sequesters glutathione
conjugated cadmium into the vacuole in an ATP-dependent man-
ner [5,6]. It has since been shown that Ycf1p can transport a broad
range of cellular toxins into the vacuole as glutathione (GSH) con-
jugates (GS-X) [7]. Importantly, Ycf1p shares many of the same
characteristics as MRP1 including the ability to transport free
GSH and GSSG [8,9]. The shared ability of MRP1 and Ycf1p to trans-
port free GSH has resulted in speculation that both MRP1 and
Ycf1p play a role in cellular redox balance.chemical Societies. Published by E
, superoxide dismutase; GPx,
e oxygen species; ABC, ATP
f Toxicology, University of
Y 40536, USA. Fax: +1 859tors [10,11]. Recently, our lab has shown that Ycﬂp function is regu-
lated by casein kinase 2a, Cka1p, via phosphorylation of Ser251
within the L0 domain of the Ycf1p N-terminal extension (NTE)
[12]. Cka1p-mediated phosphorylation of Ycf1p is attenuated in re-
sponse to high salt stress. Attenuation of Cka1p- mediated phos-
phorylation of Ycf1p results in increased Ycf1p function [12]. This
result suggests a role for Ycf1p in cellular resistance to salt stress;
howeverdeletionofycf1Ddoesnot render thecellsmoresusceptible
to salt stress and cell death. Salt stress has been shown to be associ-
ated with increased cellular oxidative stress due to altered ion
homeostasis and increased glycerol synthesis [13–15]; therefore
we have investigated the role of Ycf1p in cellular oxidative stress
resistance with respect to GSH homeostasis and redox stress re-
sponse. Here,we showYcf1p plays a role in cellular resistance to salt
stress by helpingmaintain the cellular redox balance through gluta-
thione recycling. Further, in the absence of Ycf1p, increased Sod1p,
Sod2p, and Ctt1p expression compensate for the decrease in cellular
salt stress resistancewhich results from the loss of Ycﬂp-dependent
glutathione recycling. This result explainswhydeletionof Ycﬂpdoes
not increase cellular sensitivity to high concentrations of salt.
2. Materials and methods
2.1. Yeast strains, media and growth conditions
Yeast strains used in this study are CP59 (BY4741, Mat a met3D
leu2D ura3D his3D), CP60 (Mat a met3D leu2D ura3D his3Dlsevier B.V. All rights reserved.
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CP243 (Mat a met3D leu2D ura3D his3D SOD2:TAP), CP244 (Mat a
met3D leu2D ura3D his3D CTT1:TAP), CP245 (Mat a met3D leu2D
ura3D his3D GPX1:TAP), CP246 (Mat a met3D leu2D ura3D his3D
GPX2:TAP), CP247 (Mat a met3D leu2D ura3D his3D SOD1:TAP-
ycf1::KanMX), CP248 (Mat a met3D leu2D ura3D his3D SOD2:TAP-
ycf1::KanMX), CP249 (Mat a met3D leu2D ura3D his3D
CTT1:TAPycf1::KanMX), CP250 (Mat a met3D leu2D ura3D his3D
GPX1:TAPycf1::KanMX) and CP251 (Mat a met3D leu2D ura3D his3D
GPX2:TAPycf1::KanMX). TAP tag strains were purchased from Open
Biosystems (Thermo) [12]. ycf1::KanMX/Tap tag strains were made
via PCR ampliﬁcation of the ycf1::KanMX cassette from CP60 and
subsequent transformation and G418 selection of TAP tag strains.
Double deletion strains of sod1D, sod2D, ctt1D, gpx1D, and gpx2D
in combination with ycf1D were created by PCR-mediated, gene
replacement of ycf1D with URA3 as previously described [10,12].
In brief, the double knock-out strains CP257 (ycf1D::URA3
sod1D::KanMX), CP258 (ycf1D::URA3 sod2D::KanMX), CP259 (ycf1-
D::URA3 ctt1D::KanMX), CP260 (ycf1D::URA3 gpx1D::KanMX) and
CP261 (ycf1D::URA3gpx2 D::KanMX) were created by standard
homologous recombination as follows. The single deletions
CP252 (Mat a met3D leu2D ura3D his3D sod1D::KanMX), CP253
(Mat a met3D leu2D ura3D his3D sod2D::KanMX), CP254 (Mat a
met3D leu2D ura3D his3D ctt1A:.KanMX), CP255 (Mat a met3D
leu2D ura3D his3D gpx1D::KanMX) and CP256 (Mat a met3D leu2D
ura3D his3D gpx2D::KanMX) in the BY4741 background were ob-
tained from the MATa yeast genome deletion collection (Open Bio-
systems). We conﬁrmed the replacement of each gene with the
KanMX cassette by standard PCR using a forward primer within
the KanMX cassette and a reverse primer within the 30 region of
each gene. A PCR product containing the URA3 coding sequence
ﬂanked by 60 bp of homology to the 50 upstream and 30 down-
stream coding sequence of YCF1 was gel-puriﬁed according to the
manufacturer’s directions (Omega Bio-Tek), transformed into
CP252–256 and double disruptants were selected on SC-URA
G418-containing plates. Standard rich yeast media (YPD) was pre-
pared as previously described [16]. All assays described here were
done in liquid YPD, with either the addition of 5 mM H2O2 or 0.5 M
NaCl (Sigma–Aldrich Chemical Co., St. Louis, MO). Cultures were
grown at 30 C unless otherwise noted.
2.2. Measurement of oxidative stress markers in cells treated with
H2O2 or NaCl
To determine the effect that deletion of ycf1D has on cellular
oxidative stress status of normal cells and cells that are H2O2 and
NaCl stressed, WT (CP59) and ycf1D (CP60) cells were grown over-
night to an OD600 of 0.8. Cells were immediately treated with vehi-
cle alone, 5 mM H2O2 or 0.5 M NaCl for 2 h. Cell pellets were
collected by slow speed centrifugation (1000g) for 5 min. Cell pel-
lets were washed three with 1 mL of cold H2O and subsequently
cell pellets were resuspended in the appropriate buffer as directed
by the manufacturer of each of the oxidative stress marker kits
(either the TBARS assay, GSH/GSSG assay, glutathione peroxidase
(GPx), superoxide dismutase (SOD) or catalase (CAT) kits (Cayman
Chemical)) and lysed using standard bead beating (1 min beating
followed by 1 min on ice, 10 times) [10,12,16]. Lysates were subse-
quently spun at 10,000g and the supernatant was placed in a new
tube and frozen at 80 C until appropriate assays for oxidative
stress markers were performed.
2.3. 2,7-Diﬂuorodihydroﬂuorescein diacetate (DFFDA) assay
Oxidative stress in cells was measured as previously described
[17]. In brief, production of reactive oxygen species was measured
under three conditions: untreated, 5 mMH2O2 and 0.5 MNaCl trea-ted yeast cells. Cells were incubated overnight to an OD600 of 0.8.
After the addition of 15 lM DFFDA and vehicle or 0.5 M NaCl in
YPD culture for 1 h, 2 108 cells were harvested. Cells werewashed
once with water and twice with cold phosphate-buffered saline
(PBS). Cells were then resuspended in 200 lL of cold PBS and lysed
by bead beating at 4 C for 10 min. The supernatant was collected
by centrifugation at 14,000g for 10 min. Fluorescencewasmeasured
in 96 well plates using an excitation wavelength of 490 nm and an
emission wavelength of 527 nmwith a Biotek Synergy 2 plate read-
er. The results were normalized to protein concentration using the
Bradford Assay and reported as fraction of control, relative DCF ﬂuo-
rescence, where fraction of control was calculated as such; [Ave rel-
ative ﬂuorescence/mg protein of sample]/[relative ﬂuorescence/mg
protein of WT], n = 3 (example  [relative ﬂuorescence/mg protein
of WT]/[relative ﬂuorescence/mg protein of WT] = 1).
2.4. Carbonylation assay
Total cellular protein carbonylation was measured as previously
described [18]. In brief, total cellular protein carbonylation was
measured in 0, 2.5 and 5 mM H2O2 and 0, 0.25, and 0.5 M NaCl
treated yeast cells. Cells were incubated overnight to an OD600 of
0.8. After the addition of vehicle, 2.5 and 5 mM H2O2 and 0.25 or
0.5 M NaCl cells were cultured for 1 h, cells were harvested by slow
speed centrifugation at 1000g. Cells were washed once with water
and twice with cold phosphate-buffered saline (PBS). Cells were
then resuspended in 200–500 lL of ice cold RIPA buffer and lysed
by bead beating as previously described [7,12]. Total protein car-
bonylation was measured by slot blot [18].
2.5. Western Blot analysis
Protein expression was measure in all TAP tag strain as previ-
ously described [7,10,11]. Brieﬂy, cells were grown overnight to
an OD600 of 0.8. Cells were immediately treated with vehicle alone,
5 mM H2O2 or 0.5 M NaCl, for 2 h. Cell pellets were collected by
slow speak centrifugation (1000g) for 5 min. Cell pellets were
resuspended in RIPA buffer and bead beat 10 for 1 min intervals
and place on ice for 1 min in between. Lysates were spun at 500g
for 10 min and supernatant was placed in a new tube. Protein con-
centration was determined by BCA assay (Pierce Scientiﬁc) and ly-
sates were frozen at 20 C until ready for use. 50–100 lg of total
protein was run on an SDS–PAGE gel at 120 V for 1–2 h and trans-
ferred to a nitran membrane via semi-dry at 25 V and 160 mA for
50 min or by standard wet-transfer for 3 h at 120 V (transfer meth-
od was dependent upon size of protein). Membranes were then
blocked and probed with appropriate antibodies. Bands were visu-
alized by chemiluminescence (HyBlot, Danville Scientiﬁc).
2.6. Growth inhibition by NaCl and H2O2
Growth inhibition by NaCl and H2O2 was monitored by spot
tests on plates essentially as described previously [9,23]. Brieﬂy,
cells were grown overnight to saturation in SC-dropout medium,
subcultured at a 1:5000 dilution in the same medium, and grown
overnight to an A600 of 1.0. The overnight culture was diluted
to an A600 of 0.1, which in turn was diluted in 10-fold increments.
Aliquots (4 ll) of each 10-fold dilution were spotted onto SC-drop-
out plates containing no drug (vehicle alone), 0.5 M, NaCl or
0.5 mM H2O2 and incubated for 2 days, respectively.3. Results and discussion
To better understand the role of Ycf1p in salt stress and salt-in-
duced oxidative stress, we initially examined ROS formation in WT
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ﬂuorescence assay. Deletion of ycf1D increases cellular DCF ﬂuo-
rescence, indicating an increase in cellular ROS formation
(Fig. 1A, compare columns 1 and 3). Upon addition of NaCl, DCF
ﬂuorescence is increased in both WT and the ycf1D strains as com-
pared to their respective untreated controls (Fig. 1A, compare col-
umns 2 and 4 to columns 1 and 3). Interestingly, treatment of the
ycf1D strain with NaCl increases DCF ﬂuorescence to about 1.5-fold
beyond that of basal levels mirroring the 1.5-fold increase in rela-
tive DCF measured for the NaCl treated WT strain. This result sug-
gests that the increase in DCF ﬂuorescence in the treated ycf1D
strain is an additive effect of what is seen in the untreated ycf1D
and treated ycf1D cells. Our experiments presented in Fig. 1A sug-
gest that Ycf1p plays a role in cellular protection against oxidative
stress and that reduced expression or deletion of Ycf1p increases
cellular susceptibility to oxidative stressors. To investigate this
ﬁnding further, we measured two additional cellular markers of
oxidative stress, malondialdehyde (MDA) formation and total pro-
tein carbonylation (using standard TBARS analysis and total car-
bonylation western blot) (Fig. 1B and C). Our analysis revealed
that untreated ycf1D cells have increased MDA formation as com-
pared to untreated control WT cells which is further exasperated
by NaCl treatment (Fig. 1B). Similar to our DCF ﬂuorescence analy-
sis, the MDA assay revealed that Ycf1p plays a role in cellular pro-
tection against oxidative stress during basal growth conditions.
Deletion of ycf1D results in increased MDA production as com-
pared to WT cells. Additionally, treatment of ycf1D cells with NaCl
increases MDA formation in ycf1D cells beyond basal level addi-
tively when compared to WT NaCl treated cells. NaCl-mediated
protein carbonylation is increased with increasing salt concentra-
tion in ycf1D cells as compared to WT cells (Fig. 1C). To determine
if the NaCl- mediated increase in total protein carbonylation in the
ycf1D cells is speciﬁc to NaCl stress or more general, we examined
protein carbonylation in WT and ycf1D H2O2 treated cells. SimilarR
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Fig. 1. Deletion of ycf1D increases intracellular NaCl-mediated ROS and oxidative stress. (
was measured in WT and ycf1D cells after treatment with 0.5 M NaCl by DCF ﬂuorescence
One-Way and Two-Way ANOVA analysis with Bonferroni post tests (⁄ = p < 0.05, ⁄⁄ = p <
carried out with an n > 3. Blots shown here are representative of our ﬁndings which sho
affects carbonylation in NaCl and H2O2 treated cells as dose increases.to our NaCl results, ycf1D cells are more sensitive to H2O2-medi-
ated protein carbonylation. These experiments showed that in
the ycf1D cells protein carbonylation becomes elevated more rap-
idly at lower salt and H2O2 concentration as compared to the WT
control cells. The increase in total protein carbonylation in ycf1D
cells is signiﬁcantly increased in untreated cells and suggests that
Ycf1p plays a role in regulating oxidative stress under basal growth
conditions. The results from Fig. 1A and B suggest an underlying
role for Ycf1p in general oxidative stress resistance through a com-
bination of mechanisms; (1) a role in the regulation of GSH homeo-
stasis and recycling, and (2) transport and sequestration of harmful
toxins that increase cellular oxidative stress such as heavy metals
Cd+2 and As+3. Such a model is supported by our analysis of NaCl-
mediated total protein carbonylation. In combination with our DCF
assay analysis, our results strongly support a role for Ycf1p in pro-
tecting cells from oxidative stress under basal conditions in loga-
rithmically growing cells and plays a smaller, yet important role
in general cellular oxidative stress resistance via a combination
of GSH transport into the vacuole and sequestration of metal–
GSH complexes into the vacuole which results in decreased cyto-
solic GSH and reduce metal-induced oxidative stress.
Ycf1p is a critical component of the GSH reducing and recycling
system in yeast. The GSH recycling system plays a major role in
reducing cellular oxidative stress via the continual renewal of re-
duced GSH [8,19,20]. We show that deletion of ycf1D results in a
fourfold increase in free GSH and a corresponding fourfold increase
in the [GSH]/[GSSG] ratio (Fig. 2A and C). The fourfold increase in
the [GSH]/[GSSG] ratio is due to an increase cytosolic GSH and
not a decrease in GSSG as GSSG concentration is unchanged by
the deletion of ycf1D (Fig. 2B). Treatment of WT and ycf1D cells
with H2O2 results in a twofold decrease in free GSH in both strains
as compared to their respective untreated controls. Interestingly,
treatment of WT cells with H2O2 decreased [GSSG] eightfold and
treatment of ycf1D with H2O2 does not alter [GSSG] from theNo Treatment
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w that ycf1D has increased basal carbonylation as compared to WT which directly
850 C.M. Paumi et al. / FEBS Letters 586 (2012) 847–853untreated control (Fig. 2B). The GSH and GSSG free measurements
together explain why the [GSH]/[GSSG] ratio increases in H2O2
treated WT cell and decreases in ycf1D cells (Fig. 2C). In WT cells
treated with 5 mM H2O2, GSSG is being depleted more rapidly than
GSH. One explanation for this phenomenon is that GSSG is being
rapidly reduced by glutathione reductase in response to H2O2.
Alternatively, glutathione synthesis is increasing in response to a
cellular decrease in both GSH and GSSG. GSSG levels in ycf1D cells
are unchanged by treatment with H2O2 suggesting that Ycf1p plays
a role in GSH recycling in response against H2O2 stress. Conversely,
NaCl treatment results in a twofold increase in GSH content and
[GSH/[GSSG] ratio in WT cells and a 6-fold decrease in the cellu-
lar GSH content and a corresponding sixfold decrease in the [GSH/
[GSSG] ratio of ycf1D cells as compared to untreated WT and ycf1D
cells respectively. Consistent with our GSH analysis from H2O2
treated ycf1D cells, NaCl treatment does not change cellular GSSG
levels. This result suggests that Ycf1p plays an important role in
regulating cellular GSH levels under normal basal growth condi-
tions as well as in response to NaCl. GSH cellular levels increase
in WT cells and dramatically decrease in ycf1D cells in response
to salt stress. This result suggests that Ycf1p may play an important
role in both recycling GSH under normal basal conditions and in re-
sponse to salt stress. Further, ycf1D-dependent transport of GSH
into the vacuole may play an important role in regulating GSH syn-
thesis. The most striking feature of our results is that GSSG levels
do not change with either H2O2 or NaCl treatment as compared
to the untreated control in ycf1D cells and WT cells changes in
GSSG levels mirror GSH levels. Our results presented here are in
line with previous studies examining the role of gamma-glutamyl
transpeptidase (gammaGT) and Ycf1p in glutathione recycling un-
der cadmium stress [21,22]. The [GSH]/[GSSG] ratio increases
twofold in WT BY4741 cells in response to cadmium-induced oxi-
dative stress, while GSH levels remain unchanged[21,22]. Further,
both deletion of gammaGT and deletion of GSH synthase (Gsh1p)
results in increased total protein carbonylation, lipid peroxidation,
and ROS [22] and deletion of Ycf1p increases expression of gam-
maGT [21], suggesting that all of the proteins involved in regulat-
ing intracellular GSH levels work in a coordination. The studies
described above together with our results, suggest that Ycf1p
may play an important role in GSH homeostasis in normal growing
cells and in response to oxidative stress. Our results also suggest
that one potential mechanism by which Ycf1p regulates GSH
homeostasis is in part via GSH sequestration into the vacuole as
a metal complex Cd-SG2 or As-SG3. In future studies it would be
interesting to examine to interplay between Ycf1p and GSSG
reductase (Glr1p) and gammaGT (Ecm38p/Cis2p) more closely.
Sod1p (Cu/Zn SOD), Sod2p (Mn SOD) and Ctt1p (catalase) have
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WT).protective mechanism [15]. Interestingly, in the plant Tamarix
hispida SOD1, SOD2, and catalase expression all increase in re-
sponse to salt stress Deletion of sod1D, sod2D, or both sod1D and
sod2D results in increased sensitivity to salt stress in the yeast
Cryptococcus neoformans viability [23]. In Saccharomyces cerevisiae,
sod1D and sod2D cells have increased sensitivity to high salt and
H2O2 [13,24,25] and overexpression of Sod1p, Sod2p, and Ctt1p re-
sults in varying levels of resistance to H2O2-mediated oxidative
stress [25]. The increased sensitivity of sod1D cells to H2O2 is
ampliﬁed in cells impaired in GSH synthesis [24] suggesting that
the oxidative stress response system and GSH cellular levels are
both playing a role in oxidative stress resistance. Further, sod1D
cells have a twofold increase in the [GSH]/[GSSG] ratio and Ycf1p
expression is increased in sod1D cells suggesting a role for Sod1p
in GSH homeostasis [26]. Therefore, we reasoned that if SOD does
indeed play a critical role in protecting cells from salt induced oxi-
dative stress, then it is reasonable to believe that an ycf1D cell will
have increased SOD activity to compensate for the loss of Ycf1p
and GSH recycling. If true this result would explain why ycf1D cells
are not more sensitive to NaCl stress. Our results show this to be
the case. Sod1p and Sod2p activities do not differ signiﬁcantly be-
tween WT and ycf1-delta cells, both in untreated and H2O2-treated
conditions. However, NaCl treatment does induce Sod1p and Sod2p
activity about 10-fold in ycf1D cells as compared to the NaCl trea-
tedWT cells (Fig. 3A and B). The increase in Sod1p and Sod2p activ-
ity is not the result of increased expression, as Sod1p and Sod2p
expression levels in WT and ycf1D cells do not increase with
H2O2 or NaCl treatment (Fig. 3C and D). Our result suggests
strongly that SOD activity is not only important in cellular resis-
tance to salt stress, but a critical compensatory mechanism for cel-
lular protection against high salt stress in the absence of Ycf1p.
Further, Sod1p and Sod2p activity is moderately increased twofold
in NaCl treated WT cells as compared to untreated cells. This result
supports the hypothesis that SOD plays a role in the general cellu-
lar response to salt-induced oxidative stress. Similar to Sod1p and
Sod2p, catalase (Ctt1p) activity increases in WT and ycf1D cells
when treated with NaCl (Fig. 3E). The increased Ctt1p activity in
ycf1D cells in NaCl treated cells suggests a role for Ctt1p in the cel-
lular response to salt in the absence of ycf1D. Although a small in-
crease in Ctt1p activity is shown for WT cells, this increase is not
statistically signiﬁcant (p = 0.353). However, the trend toward in-
creased Ctt1p function in WT cells treated with NaCl suggests a
potentially minor role in WT cellular response to NaCl and is sup-
ported by our analysis of Ctt1p expression in untreated WT and
ycf1D cells is below detectable levels and upon treatment with
NaCl, Ctt1p expression dramatically increases (Fig. 3G). This result
suggests that the increase in Ctt1p activity associated with NaCl
stress is the result of increased Ctt1p expression, not increaseWT yc
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tion of super oxide produced by SOD, it is likely that the expression
of Ctt1p increases in WT and ycf1D cells under NaCl treatment is in
response to increased superoxide production from Sod1p and
Sod2p. It is important to note that upon overexposure of our Ctt1p
western blots, lights bands became apparent in untreated and
H2O2 treated WT and ycf1D cells representing low basal levels of
Ctt1p.Our ﬁnding that Ycf1p plays an important role in the regulation
of GSH levels under normal basal growth conditions and during
salt stress is supported by our analysis of GPx activity in WT and
ycf1D cells under unstressed and H2O2 and NaCl stress. Our analy-
sis showed that GPx activity is increased in WT cells in response to
H2O2 and NaCl (Fig. 3F). Our result showing increased GPx activity
in response to H2O2 recapitulates what has been previously re-
ported. Deletion of ycf1D alone results in increased GPx activity
No Drug 5 mM H2O2 0.5 M NaCl
WT
ycf1Δ
sod1Δ
sod1Δycf1Δ
sod2Δycf1Δ
sod2Δ
ctt1Δ
ctt1Δycf1Δ
gpx1Δ
gpx1Δycf1Δ
gpx2Δ
gpx2Δycf1Δ
Fig. 4. Deletion of Ycf1p in Sod1p and Ctt1p deletion strains increases cellular resistance to NaCl and H2O2. WT, ycf1D, sod1D, sod1D ycf1D, sod2D, sod2D ycf1D, ctt1D, ctt1D
ycf1D, gpxlD, gpxlD ycf1D, and gpx2D, gpx2D ycf1D were tested for growth by spot test on plates containing vehicle alone, 5 mM H2O2, and 0.5 M NaCl as described in
Section 2.
852 C.M. Paumi et al. / FEBS Letters 586 (2012) 847–853as compared to WT cells, further emphasizing the role of Ycf1p in
normal (unstressed) redox balance/maintenance. Interestingly,
GPx activity does not increase in H2O2 treated ycf1D cells as com-
pared to untreated ycf1D cells and suggests that treatment of ycf1D
cells with H2O2 does not increase cellular stress to such an extent
as to warrant an increase in GPx activity. GPx activity increases
about 40% in ycf1D cells treated with NaCl as compared to the un-
treated control (Fig. 3G). The increase in GPx activity appears to be
the result of two distinct pathways for H2O2 and NaCl stress. The
increase in GPx activity in response to H2O2 treatment appears to
be the result of increased Gpx1p expression (Fig. 3H). However,
the increase in GPx activity measured in NaCl treated cells is not
the result of an increase in Gpx1p or Gpx2p expression, but rather
via some other mechanism, possibly post-translational regulation.
Our results presented here show that increased Sod1p, Sod2p and
Ctt1p activity is a major mechanism of cellular resistance to salt
stress in the absence of functional Ycf1p. Again our results suggest
an important role for Ycf1p in regulating cellular GSH homeostasis
in response to oxidative stress.
Our studies as in shown in Fig. 3 suggest that Ycf1p, Sod1p,
Sod2p, Ctt1p, Gpx1p, and Gpx2p work together to protect the cell
from oxidative stress from NaCl. Based on this ﬁnding it is reason-
able to hypothesize that if a double deletion of Ycf1p and either
Sod1p, Sod2p, Ctt1p, Gpx1p, or Gpx2p was made then this strain
would have increased sensitivity to NaCl as compared to either
of the single deletions alone. Therefore double deletions of Ycf1p
and Sod1p, Sod2p, Ctt1p, Gpx1p, or Gpx2p were created and their
ability to grow as compared to the single deletions strain was
tested by spot test on 0.5 M NaCl containing plates, plates contain-
ing the general oxidant stressor H2O2, or vehicle alone (Fig. 4). Con-
trary to our hypothesis neither single deletions of Ycf1p, Sod1p,
Sod2p, Ctt1p, Gpx1p, and Gpx2p nor double deletions of Ycf1p
and Sod1p,, Sod2p, Ctt1p, Gpx1p, and Gpx2p signiﬁcantly in-
creased cellular sensitivity to NaCl. It is important to note that
although no single or double deletion signiﬁcantly increase cellular
sensitivity to NaCl, deletion of sod1D and ctt1D slightly increased
cellular sensitivity to NaCl to a level similar to that of ycf1D as
shown by an increase in the number of colonies that grew at themost dilute concentrations of cells plated. However, deletion of
sod1D drastically increased cell sensitivity to H2O2 and contrary
to our hypothesis the double deletion of ycf1D sod1D decreased
sensitivity to H2O2 as compared to the sod1D strain. This ﬁnding
can be explained in the text of cellular GSH content. ycf1D cells
have increased GSH content as compared to WT cells and the in-
creased GSH will act similar to a sponge in reducing the H2O2- in-
duced oxidative stress; therefore, in some circumstances it would
stand to reason that deletion of ycf1D will be protective against
oxidative stress agents. We see deletion of ycf1D creates a similar
effect as overexpression of the GSH synthesis pathway genes. This
resultis in agreement with the ﬁnding that increased sensitivity of
Dsod1 cells to H2O2 is ampliﬁed in cells impaired in GSH synthesis
[24]. Further, a similar effect can be seen for the ycf1D sod1D and
ycf1D ctt1D as compared to the single deletion strains sod1D and
ctt1D when exposed to NaCl. The slight sensitivity to NaCl is seen
in the sod1D and ctt1D and is rescued by deletion of ycf1D. To-
gether these ﬁndings support roles for Ycf1p, Sod1p, Sod2p, and
Ctt1p is cellular resistance against NaCl and H2O2, and strongly
suggests that Ycf1p-mediated regulation of GSH levels plays an
underlying role in protecting cells from normal oxidative stress
during basal cell growth and a supporting role under NaCl and
H2O2-induced oxidative stress conditions. Furthermore, our results
suggest that Ycf1p works in cooperation with Sod1p, Sod2p, and
Ctt1p to decrease NaCl and H2O2-induced oxidative stress in S.
cerevisiae. As a whole, these ﬁndings suggest the intriguing possi-
bility that the human Ycf1p homologue, MRP1, may work together
with human SOD1, SOD2, and Catalase to protect cells from a broad
range of oxidative stressors under both normal basal growth con-
ditions and when cells are exposed to toxins that induce oxidative
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